THE fact that electrical stimulation of the brain can produce unconsciousness in man and animals has been known since the eighteenth century, and from time to time this knowledge has been used in the production of anaesthesia for surgical animals under electrical general anaesthesia, and in 1935 Hertz used electrical anaes thesia for laparotomies in dogs. To-day electrical stunning is used in bacon fac.. tories with the object of rendering pigs unconscious before slaughter. Electro convulsant therapy (E.C.T.) is widely used in mental hospitals for the treatment of certain conditions, and recently Freeman (1948) has modified this technique to produce surgical anaesthesia for prefrontal leucotomy.
In some instances electrical anaesthesia has proved satisfactory, but there have been reports ofâ€• distorted consciousness â€oe¿ after E.C.T. in human subjects (Morgan, 1950) , and of electrical curarization after industrial accidents (Hume, @ ; in these conditions the subject is conscious of sensation but unable to make voluntary movements. Such a condition is only appreciated when the subject is questioned after regaining full consciousness, and hence, if it occurred in animals, it would not be readily recognized.
The object of the work described in this paper was to determine the effect of the many variables of electric stimulation, and to investigate the state of con sciousness of human subjects and animals after electric stunning. It was hoped thus to provide a basis for future work on electrical anaesthesia and to acquire a better understanding of the action of E.C.T.
EXPERIMENTAL PROCEDURE.
Material.â€"The material consisted principally of rabbits of both sexes of various breeds and ages, ranging in body weight from 200 gm. to 2,ooo gm. A small group of mental hospital patients was observed before and after routine E.C.T.; pigs and sheep were observed during the normal electrical stunning prior to slaughter.
Apparatus.â€"Electro-corticograms and electro-cardiograms were recorded as described in the previous paper (Croft, 1952) . Electrical stimulation for rabbits was by means of a square-wave stimulator, designed to provide constant current (Bernstein, 1950) . The following could be independently varied: frequency iâ€"i,ooo cyc. fsec.; pulse width o'1â€"5om.sec.; amperage oâ€"8omA. Pigs and sheep were stunned by 50 cyc. /sec. mains AC. transformed down to 70-90 V. Human E.C.T.
was given with 50 CYC. /sec. AC. transformed down to goâ€"ioo V.
RESULTS.
The results will be described under two main headings: (i) Effect of variables on the production of unconsciouness. (ii) State of consciousness after electric stimulation.
Effect of Variables.
The typical sequence of events following effective electrical stimulation was as follows:
(@) Initial momentaryflexiohof the hindlegs,followedby violent exten sion ; the forelegs were stiff at this stage, but all reactions in the forelimbs were less extreme.
The spine was rigid, and the head strongly flexed back wards.
Respiration was arrested and defaecation and urination commonly occurred.
oâ€"iosec. at (ii).
State of Consciousness after Electric Stimulation.
The state of consciousness was investigated by a number of different tests, and -the general behaviour of the animal or human subject was also carefully observed. The tests used were:
(i) Reaction of the pupil to light.
(ii) Cardiac pain reflex (Croft, 1952) . (iii) E.E.G. in human subjects, electro-corticogram in animals.
(iv) Paw retraction reflex.
The normal conscious electro-corticogram from the precentral granular area of the rabbit's cortex had a characteristic frequency of @â€"¿ 8 cyc. /sec.; from other parts of the cortex the rhythms were less regular, but they always contained a large proportion of fast rhythms; slow rhythms (iâ€"i cyc. /sec.) were only seen in patho-4 logical conditions or during anaesthesia.
E.Co.G. recordings could be made i second after switching off the current used for stimulating the rabbit. During the phase of extensor tonus bursts of high frequency activity alternated with very slow high-voltage waves; the record did not change appreciably until the end of the clonic contractions, when it flattened out completely; 1â€"3minutes after stimulation this flat record changed, and slow waves of varying voltage appeared. The normal high-frequency E.Co.G. was not usually seen until at least @ minutes after the stimulation and then only inter mittently;
at this time the frequency was often slightly below the normal one (4â€"6 cyc. /sec.). In some experiments no high frequencies appeared until 8 minutes after stimulation, but in every case the normal 6â€"8cyc. /sec. rhythm was well established after 20â€"60minutes, and the E.Co.G. was then indistinguishable from the pre-ictal one of the same animal. after-stimulation; the frequency was always 2â€"3cyc. /sec. and the activity lasted 20â€"60 seconds, being followed in most cases by a short period of electrical silence.
The record appeared simultaneously in all leads and was in phase. (ii) Bursts of high-frequency waves of large amplitude -occurred at intervals varying from 1â€"17minutes after stimulation, and lasted typically for 4â€"10 seconds.
They were normally present on only one channel, though occasionally there was a slow spread over the cortex. This record also was usually followed by a short period of electrical silence.
The bursts were recorded from positions (i) and (ii) and bore no relation to the electrodes used for stimulation, appearing sometimes from the same pair and sometimes from a different pair.
(iii) Phase reversal was less common after stimulation than the two previous types of record, but it was clearly shown in four different rabbits. It appeared between 3 and 7 minutes after stimulation and lasted for @â€"¿ 6 minutes (Fig. i) . E,Co,G, records after missed shock showed none of the characteristics of the post-ictal record of effective stimulation; they were essentially similar to the normal records, - During the first â€˜¿ 0 minutes the record consisted mainly of 8-rhythm, which was usua11@'out of phase in any two channels with a common electrode on the central part of the scalp ; the subject was unconscious at this stage. The 8-rhythm was gradually replaced by bursts of faster frequencies, and the subject opened his eyes and made unco-ordinated movements, but did not seem to recognize his surround ings ; 30â€"45minutes after the E.C.T. the a-rhythm reappeared and the patient gave intelligent answers to questions.
The spike and wave and other phenomena seen in the post-ictal records of some rabbits were not seen in human E.E.GS. , but between io and 20 minutes after E.C.T. the human records often showed long bursts of 0-rhythm (7 CVC./sec.), which were not seen in the normal record of the same individual ; the phase relations of this rhythm indicated that it had a sub cortical origin, probably in the diencephalon. The reaction of the pupil to light can be used as an indicator of the activity of the brain at the level of the Edinger-Westphal nucleus.
Preliminary animal experiments showed that this reflex reappeared before the cardiac pain reflex, after elimination of both by electric stimulation. The cardiac pain reflex was positive at a time when the animal made no voluntary muscular movement and did not respond positively to the paw retraction reflex, and when on casual inspec tion it would be considered unconscious.
As the time intervals between the various phases of the recovery period were very short, double shocks were given to a few animals to extend these phases (Klein and Early, 1949) . The reflexes reappeared in the same order in these animals, thus confirming the previous results.
The overall picture of the levels of conscious ness in the period following electric stimulation is best shown by means of a table (Table I) .
One other point which was noted in many of the experiments was the appearance, in the rabbit, of a hypersensitive phase, lasting 2â€"5minutes and occurring about S minutes after stimulation.
The cardiac pain response was exaggerated during this period, and any slight noise caused extreme alarm and violent escape move ments; the E.Co.G. was usually normal during this stage, but occasionally bursts of high-voltage spike discharge occurred in one channel.
DISCUSSION.
There are numerous references in the literature to the effect of variations in the electrical characters of the stimulation required to produce an epileptiform fit in man and animals (Ivy and Barry, 1932 other workers, however, have used a wide range (30-300 CyC./sec.) and found that frequency has little effect on the convulsion, provided that it is not lessthan 5Â°CXC./sec. (Harreveld ci al.,1943 Arieff, 1949). The experiments described in this paper confirm the latter view, but both the species of experimental animal and the method of stimulation differ from that of Gaultierottiet cii. Walter's work on photic stimulation (i@5i) indicates that in certain circumstances the frequency of the stimulation can be extremely important, but it is obvious from the present series of experiments that reasonable variations in frequency have little effect on the production of unconsciousness by electrical means. but since decreased amperage cannot be compensated by increased pulse width, energy is obviously not the essential factor. Amperage and wave form are the characteristics which primarily determine the effect on the animal, and these may be expressed in more general terms as rate of change.
It is a biological axiom that the stress to which any system is subjected depends largely on the speed with which the environment changes ; this axiom can be applied to the behaviour of the central nervous system during electrical stimulation, since it is only large and rapid changes of potential which abolish the activity of the cortex.
There are considerable individual variations in susceptibility to electric stimula tion.
Strains of mice have been produced which are particularly resistant (Stone, Eady and Hauty, 1949) , and certain breeds of pig are known amongst slaughter-men for their high resistance. Rabbits with roan fur were always particularly resistant and showed an unusually rapid recovery, whilst Dutch rabbits were very easily stunned.
Observations of Williams (i@o) on the appearance of epilepsy in human subjects are of interest in this connection ; he considers that there is a constitutional factor which prevents the typical epileptic activity of the brain, as seen in the E.E.G., from causing a fit ; thus, some subjects show numerous larval epileptic attacks on the E.E.G. and rarely have a fit, while other may have almost as many fits as larval attacks.
The central nervous system and the skin and fur, are derived from the same embryological layer, and it is therefore interesting to note that a high threshold for electric stimulation in rabbits is associated with a particular type of fur.
The state of the experimental animal after electric stimulation was examined by a battery of tests ; none of these alone could give a complete picture of the level k of consciousness, but together they provided much useful information. The pupillary reaction to light gave evidence that the brain was functioning at the level of the Edinger-Westphal nucleus ; the positive cardiac pain reflex indicated that the thalamus and parts at least of the cortex were functioning, while the E.Co.G gave direct evidence of the activity of the cortical neurons.
The usual reflexes, such as the corneal and the paw retraction, were also frequently tested, and the general behaviour of the animal carefully observed. were re-established, and thus showed that pain sensation was present at a time when full consciousness had not been restored; , voluntary movement was apparently not possible at this stage, and hence the usual responses to painful stimuli were not seen.
At a slightly later period the defective integration of the cortex with sub corticalstructures was shown by the appearance of theta rhythm in man, and of abnormal bursts in the rabbit E.Co.G.
Wave and spike discharges are always associated with disturbances of conscious ness, and although the rabbit was able to make voluntary movements at the time when these records appeared, it was obvious that the cortex was not yet stable.
Wave and spike in petit mcii is considered to have a sub-cortical origin, and its appearance over a large area of the cortex simultaneously indicates that its origin is similar in the rabbit after electric stimulation. It represents a sudden integra tion, in time, of cellular activity, coupled with a disintegration of the normal inter play of cell groups.
Wave and spike records in the rabbit E.Co.G. may appear at a time when the animal makes an exaggerated response to a slight stimulus, and these facts together indicate that cortical control of lower brain activity is not yet firmly established.
Various â€oe¿ nightmarestatesâ€• have been described in man and animals (Hunter and Jasper, 1949 ; Hume, iÃ §@@; Longlev, @ Morgan, 1950) in which the subject is conscious but unable to make effective voluntary movements; the stage at which the cardiac pain reflex is positive but the paw retraction reflex is still (1952) has demonstrated that electro-convulsant stimulation@ seriously retards growth and healing in animals.
These long-term results, together with the abnormal reflex reactions in the immediate post-ictal period, show that there are many varied factors to be considered in the future development of electro-convulsant stimulation for therapeutic and anaesthetic purposes.
SUMMARY.
(i) The influence of a series of electrical and biological variables on the efficiency of electrical stunning has been investigated.
(2) The state of consciousness following electrical stimulation has been examined
